We study the potential of the CERN LHC to observe excited neutrinos resulting from the single production process through gauge interactions and decaying in various channels. The mass range accessible with the ATLAS detector is determined.
Introduction
The proliferation of quarks and leptons can be naturally explained by the assumption that they are composite objects. According to models of compositeness [1] , known fermions are bound states of more fundamental constituents -preons [2] or a fermion and a boson [3] . In the framework of these models, constituents of known fermions interact by means of new strong gauge interactions.
One of the main consequences of the non-trivial substructure of the standard model (SM) fermions would be a rich spectrum of excited states [1, 4] . Observation of such fermionic excitations would be clear evidence of the underlying substructure of known fermions. Therefore, one of the tasks of great importance for TeV energy scale colliders is to probe the possible substructure of leptons and quarks and test the predictions of composite models.
The SM can be considered as the low energy limit of a more fundamental theory which is characterized by a large mass scale Λ. The existence of four-fermion contact interactions would be a signal of new physics beyond the SM. The nature of this new physics can be probed if the experimental energy scale is high enough. It is expected that the next generation of hadron colliders, like the LHC, will achieve very high centre of mass energies. Experiments at the LHC will thus extend the search for composite states. In particular, contact interactions may be an important source for excited lepton production.
The excited states of the SM fermions can interact via SM gauge field interactions and also via new gauge strong interactions between preons. The latter leads to effective contact interactions between quarks and leptons and/or their excited states in the low energy limit.
Contact interactions could become manifest as an excess in Drell-Yan dilepton production at the LHC, even for very large values of the compositeness scale. The sensitivity of the LHC is very high: up to Λ = 30 TeV for an integrated luminosity of 100 fb −1 [5] . If the compositeness scale is higher than the excited neutrino mass, then direct production of the excited states of fermions will proceed by gauge interactions, as contact interactions will be significantly suppressed. This is the subject of the present paper, where we study direct production of the excited neutrinos by gauge interactions at the LHC.
Many recent experimental studies have been devoted to the search for quark and lepton compositeness and excited states at LEP [6], HERA [7] , and the Tevatron [8] . No evidence of excited fermions has been found so far. The studies mentioned above put limits: i) on the compositeness scale in the range of 2-8 TeV, depending on the type of the contact interactions, and ii) on the excited fermion mass up to the collider center-of-mass energy. The current lower bound of the excited neutrino mass, obtained from the e + e − → ν ν process, is 102.6 GeV. This limit assumes a dominant ν → νγ decay mode. The limit for excited ν mass, from single production e + e − → νν , is 190 GeV and depends on the transition magnetic coupling between ν/e and ν . Both of these mass limits were obtained at LEP [6] .
Based on previous studies [4]-[12], we expect that the LHC collider will put stringent constraints on composite models and/or the masses of excited fermions.
The aim of this article is to evaluate the ultimate potential of the LHC collider for discovery of excited neutrinos, which has not been studied in detail, previously. The work is a continuation of earlier studies devoted to excited quark and excited electron production [10] .
The article is organized as follows. In Sect. 2, we discuss effective Lagrangians for models used for our study. Section 3 presents details of our study and results. Section 4 shows the mass reach, while Sect. 5 outlines the conclusions.
Physical setup
For the sake of simplicity we limit the number of parameters in our study and assume the simplest realization of the model, where the excited fermions are isospin 1 2 partners and their spin is We also assume that an excited fermion has acquired mass before SU(2)⊗U(1) symmetry breaking has taken effect. Therefore, we consider their left-and their rightcomponents in isodoublets. For example, we have the following assignments for the first generation of fermions:
In order to avoid conflict with precision measurements of the anomalous magnetic moment of muons (g-2) and to protect light fermions from large radiative corrections, one should require a chiral form of interactions of excited fermions with SM ones [14] .
The couplings of excited fermions (f = l , q ) to gauge bosons are vector like:
while transitions between ordinary and excited fermions are uniquely fixed by magnetic-moment type gaugeinvariant interactions [15] :
where Λ is the compositeness scale. G a µν , W µν and B µν are SU(3), SU(2) and U(1) tensors with the coupling constants g s , g and g , respectively; Y is the weak hypercharge with Y = (-1) and (1/3) for leptons and quarks, respectively; f s , f and f are parameters depending on the underlying dynamics.
The Lagrangian in definition 2 gives rise to the following f ermion − f ermion − gauge boson vertices:
where I 3 is the weak isospin of the excited fermion, e f is its charge in units of the proton charge, s W (c W ) is the sine(cosine) of the weak mixing angle. Excited fermions can be produced in pairs via interactions given by Eq. (1) as well as singly via interactions given by Eq. (2). In this article, we study the production of single excited neutrinos of the first generation. The single production of excited neutrinos is less kinematically suppressed than the production of a pair of excited neutrinos. Therefore, when the ν −ν −V coupling is not significantly suppressed by the compositeness scale Λ (one should recall that this coupling is proportional to the momenta of the photon which partially compensates the Λ suppression) compared to the coupling ν − ν − V , the process of the single excited neutrino production is better suited for establishing the limits on the excited neutrino mass.
Excited neutrinos can be singly produced at the LHC via the neutral current process (see Fig. 1 ):
or via a charged current, in association with an electron (see Fig. 2 )→ eν .
One should notice that excited neutrinos can be also produced via contact interactions resulting from preon interactions. This scenario for the case of excited electron production has been studied previously [12] .
In general, the couplings f and f involved in single excited neutrino production are not equal to each other. 
